Whole genome shotgun sequences are deposited at GenBank under accession numbers AJQW00000000, JTFD00000000, JTFE00000000 and JTFF00000000. Raw sequence reads are deposited in SRA under study accession numbers SRP059659, SRP059660, SRP059661, SRP059662.

Introduction {#sec001}
============

Mastitis, the inflammation of the mammary gland, is one of the most economically important diseases affecting dairy production \[[@pone.0136387.ref001],[@pone.0136387.ref002]\]. Economic losses directly caused by mastitis in dairy farms include treatment expenses, lower milk yield and value, and culling of severely affected animals. Moreover, the whole dairy production chain is affected due to the delivery of low quality milk from sick animals, which impairs milk industrial processing \[[@pone.0136387.ref003],[@pone.0136387.ref004]\]. Bovine mastitis is typically caused by infection of the mammary gland by pathogenic microorganisms present in the environment, skin or teat apex of dairy animals. *Escherichia coli* is one of the main pathogens causing bovine mastitis. While the prevalence of other important bovine mastitis pathogens, such as *Staphylococcus aureus* and *Streptococcus agalactiae*, was successfully reduced following massive mastitis control programs in various regions, *E*. *coli* remains a major etiological agent of bovine mastitis worldwide \[[@pone.0136387.ref005],[@pone.0136387.ref006]\]. Upon the entry of *E*. *coli* into the mammary gland, mastitis onset is acute, developing to a local disease in the gland, and in extreme cases to a systemic disease. The time for clinical recovery and cessation of bacterial and increased somatic cells shedding in milk is generally considered to be short. However, in many cases, there are long term detrimental effects on mammary gland health and milk quality following an episode of *E*. *coli* mastitis, and in some cases the mammary gland does not fully recover \[[@pone.0136387.ref007]\]. Persistent *E*. *coli* infections in the mammary gland causing recurrent episodes of mastitis have long been documented \[[@pone.0136387.ref008]\]. Persistent infections may represent about 4.8% of clinical cases of *E*. *coli* mastitis \[[@pone.0136387.ref009]\], and are being increasingly recognized \[[@pone.0136387.ref005],[@pone.0136387.ref007],[@pone.0136387.ref010],[@pone.0136387.ref011]\].

Pathogenic *E*. *coli* in humans and animals are often classified into pathotypes according to the presence of known mechanisms of virulence associated with a specific pathogenic process \[[@pone.0136387.ref012]\]. It has been proposed that mastitis causing *E*. *coli* may be considered as a new *E*. *coli* pathotype, for which the term "mammary pathogenic *E*. *coli*", or MPEC, was suggested \[[@pone.0136387.ref013]\]. However, other than typical factors involved in *E*. *coli* virulence in general, evidence of the existence of specific pathogenic mechanisms attributed to this pathotype was not presented. A variety of *E*. *coli* compounds are known to be detected by the mammary gland epithelium and immune cells, subsequently triggering the local immune response that develops into mastitis. The most notorious of which is lipopolysaccharide (LPS) \[[@pone.0136387.ref014]\]. On the other hand, the active mechanisms employed by MPEC involved in the pathogenesis of mastitis remain largely unknown. *E*. *coli* bacteria isolated from intra-mammary infections lack most of the known virulence factors that are typically associated with pathogenicity in other forms of *E*. *coli* infections \[[@pone.0136387.ref015]--[@pone.0136387.ref020]\]. Yet, MPEC could be differentiated as a subset from *E*. *coli* strains randomly isolated from the environment by means of specific phenotypic properties associated with higher fitness in the mammary gland milieu, namely multiplication rate in milk and resistance to phagocytosis \[[@pone.0136387.ref021]\]. The phenotypic differences correlated to genotypic segregation assessed by pulsed-field gel electrophoresis (PFGE) of genomic DNA \[[@pone.0136387.ref021]\]. In addition, although a variety of PFGE genotypes may be found among MPEC \[[@pone.0136387.ref015],[@pone.0136387.ref018],[@pone.0136387.ref021],[@pone.0136387.ref022]\], mastitis pathogenic strains were less genotypically diverse than environmental strains, as shown by multi-locus sequence typing \[[@pone.0136387.ref018]\], suggesting that *E*. *coli* strains causing mastitis are not random, and instead, may be under selective pressure based on the presence of virulence factors or fitness properties associated with the ability to infect the mammary gland and eventually leading to mastitis.

MPEC strains showing distinct virulence phenotypes *in vitro* are associated with different presentations of bovine mastitis. For instance, strains isolated from persistent IMI show higher ability to adhere and invade mammary epithelial cells than strains isolated from a single episode of transient mastitis \[[@pone.0136387.ref010],[@pone.0136387.ref023]\]. Moreover, the bacterial internalization and intra-cellular trafficking mechanisms differ between these two types of strains \[[@pone.0136387.ref011]\]. Also, strains isolated from acute mastitis induced higher expression of chemokines and cytokines by mammary epithelial cells *in vitro* than a strain isolated from persistent, chronic mastitis \[[@pone.0136387.ref024]\]. However, the differences found *in vitro* in the virulence potential of *E*. *coli* associated with distinct mastitis presentations could not yet be clearly associated with genes encoding specific known virulence factors \[[@pone.0136387.ref018],[@pone.0136387.ref020],[@pone.0136387.ref024],[@pone.0136387.ref025]\]. Thus, it is still questioned whether MPEC strains share a common set of pathogenicity factors that would distinguish them from other *E*. *coli* pathotypes and what are the specific pathogenic factors in MPEC leading to distinct mastitis presentations. In this context, whole genome sequence analysis would be a useful approach toward the identification of unique MPEC virulence factors associated with acute or persistent mastitis.

The objective of this study was to identify potential virulence properties in MPEC through whole genome and phenome comparative analysis. The genome and phenome of MPEC causing acute (strains VL2874 and P4) or persistent (strain VL2732) mastitis were compared to those of an environmental strain (strain K71), shown here to be non-pathogenic in the mammary gland. MPEC genomes were also compared to representative strains of different *E*. *coli* pathotypes.

Materials and Methods {#sec002}
=====================

Strains {#sec003}
-------

Four *E*. *coli* strains were selected for this study. Three strains were originally isolated from bovine mastitis (P4, VL2874 and VL2732), and one strain was isolated from the environment in a cow shed (K71). Strain P4 was originally isolated from an acute case of mastitis and is widely used as a "model" strain in mastitis research \[[@pone.0136387.ref026]\]. The P4 isolate used in the current study was obtained directly from NCIMB (catalogue No. 702070), and was propagated only once before whole genome sequencing, thus representing the original strain described by Bramley *et al* \[[@pone.0136387.ref026]\]. The identity of this isolate was further confirmed by serotyping and phylogenetic group typing \[[@pone.0136387.ref018]\], and sequencing of its genome was previously published \[[@pone.0136387.ref027]\]. Strain VL2874 and genotypically identical isolates were found in a cohort of cases of highly severe mastitis that occurred in the same herd at relatively the same time \[[@pone.0136387.ref018]\]. Strain VL2732 was isolated from a case of persistent mastitis; genotypically identical bacteria were isolated from the same quarter of the mammary gland at different occasions during recurring episodes of mastitis for nearly seven months. Strains VL2874 and VL2732 were selected because they represent different presentations of mastitis, albeit they share a similar genotypic background \[[@pone.0136387.ref018]\]. Both strains caused long term detrimental effects on mammary gland health and milk quality, as previously described \[[@pone.0136387.ref007]\]. The fourth strain studied, K71, was isolated from a cow shed during a study comparing mastitis and non-mastitis strains \[[@pone.0136387.ref021]\]. This strain was assumed to be of low or no virulence in the mammary gland based on phenotypic characteristics that differed from phenotypes found in all mastitis strains in a previous study, namely slow multiplication rate in milk and low resistance to phagocytosis \[[@pone.0136387.ref021]\]. All the four strains were previously genotyped and studied for a wide range of known virulence factors \[[@pone.0136387.ref018]\]. After isolation, strains VL2732 and VL2874 were stored frozen in -80°C in brain heart infusion with 25% glycerol, whereas strain K71 was stored lyophilized in -18°C. The isolates used for whole genome sequencing in the current study corresponded to the second passage from the original isolates. Strains characteristics are summarized in [Table 1](#pone.0136387.t001){ref-type="table"}. Published *E*. *coli* genomes used for intra-species genomic comparisons were selected to represented different *E*. *coli* pathotypes, namely avian pathogenic *E*. *coli* (APEC), uropathogenic *E*. *coli* (UPEC); neonatal meningitis *E*. *coli* (NMEC), enteropathogenic *E*. *coli* (EPEC), enterohemorrhagic *E*. *coli* (EHEC), adherent-invasive *E*. *coli* (AIEC), enteroaggregative *E*. *coli* (EAEC), enteroinvasive *E*. *coli* (EIEC), enterotoxigenic *E*. *coli* (ETEC) and *Shigella* spp. These are listed in detail in [S3 Dataset](#pone.0136387.s003){ref-type="supplementary-material"}.

10.1371/journal.pone.0136387.t001

###### Characteristics of strains selected for whole genome sequencing in this study.

![](pone.0136387.t001){#pone.0136387.t001g}

  Strain   Source                Serotype[^b^](#t001fn002){ref-type="table-fn"}   Phylogenetic group[^b^](#t001fn002){ref-type="table-fn"}   ST[^b^](#t001fn002){ref-type="table-fn"}   PFGE cluster[^b^](#t001fn002){ref-type="table-fn"}   Growth in milk[^b^](#t001fn002){ref-type="table-fn"}/Resistance to phagocytosis[^a^](#t001fn001){ref-type="table-fn"}   Mammary pathogenic mice[^c^](#t001fn003){ref-type="table-fn"}/cows
  -------- --------------------- ------------------------------------------------ ---------------------------------------------------------- ------------------------------------------ ---------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------
  VL2874   acute mastitis        O141:H4                                          A                                                          10                                         II                                                   fast/high                                                                                                               yes/yes
  VL2732   persistent mastitis   O8:H30                                           A                                                          10                                         II                                                   fast/high                                                                                                               yes/yes
  P4       acute mastitis        O32:H37                                          A                                                          10                                         out group                                            fast/high                                                                                                               yes/yes
  K71      cow shed              O58:H40                                          B1                                                         58                                         out group                                            slow/low                                                                                                                no/no[^d^](#t001fn004){ref-type="table-fn"}

^a^ Blum et al., 2008

^b^ Blum et al., 2013

^c^ Present study

^d^ Blum et al., in press

Intra-mammary pathogenicity {#sec004}
---------------------------

Pathogenicity in the mammary gland (or lack thereof, for strain K71) was evaluated *in vivo* in a model of intra-mammary challenge in female mice as previously described \[[@pone.0136387.ref028]\], with modifications as follows. Briefly, bacteria were grown to log phase in nutrient broth (Merck, Darmstadt, Germany) at 37°C and washed in non-pyrogenic phosphate-buffered saline (PBS). An aliquot was serially diluted and plated on blood agar plates (Tryptose Blood Agar Base; Becton-Dickinson, Sparks, MD, USA, enriched with 5% washes sheep red cells) for colony forming units (CFU) counting. An average of 5x10^2^ CFU (range 4-7x10^3^ CFU) in 5 μL were injected subcutaneously into the left abdominal mammary gland (L4) of Swiss female mice 7--10 days post-partum using a 30-G needle, with care not to injure blood vessels. This route of injection was chosen to avoid injuring the teat, which could lead to unspecific reaction in the gland. Mice were euthanized one, two and five days post-challenge (DPC). The experiment was performed in triplicates. Injected glands were observed for gross pathology externally and internally in comparison to the contralateral mammary gland, then removed, weighted and examined by bacterial culture and histopathology. Animal experiments were approved by the Kimron Veterinary Institute Committee of Animal Experimentation.

Growth in milk and nutrient broth {#sec005}
---------------------------------

Growth rates were tested in pasteurized whole milk and in nutrient broth as previously described \[[@pone.0136387.ref021]\]. Briefly, bacteria were inoculated into 10 ml of either milk or nutrient broth and incubated in normal atmosphere at 37°C. Bacterial growth was measured as CFU/ml by plate counts after 4 and 8 h. This test was performed in triplicates for each strain and mean bacterial concentration of each strain at each time point was compared by t-test.

Phenome analysis {#sec006}
----------------

The phenome of each strain was assessed by Phenotype MicroArrays (BiOLOG, Hayward, CA). Metabolic utilization of a total of 758 nutrient substrates was measured at the company's laboratories following the manufacturer\'s instructions \[[@pone.0136387.ref029]\], and included plates PM1, PM2A, PM3B, PM4A and PM5 through 8, comprising 190 carbon, 95 nitrogen, 59 phosphorous, 35 sulfur and 285 peptide nitrogen sources, and 94 nutrient stimulants. Nutrients utilization was measured in duplicates for 24 h in 15 min intervals. Data analysis and visualization was made in R \[[@pone.0136387.ref030]\] using the OPM package version 1.1.0 \[[@pone.0136387.ref031],[@pone.0136387.ref032]\]. The area under the curve (AUC) was extracted, and reactions were discretized into positive, weak or negative using the k-means method \[[@pone.0136387.ref032]\]. K-means discretization was performed including data of all strains and duplicates for each plate type (PM1 to 8) separately. In plate PM4, phosphorous and sulfur reactions were analyzed independently. Discrepancy between replicates was resolved as follows: reactions with one positive and one weak duplicate were considered positive, whereas reactions with one negative and one weak duplicate were considered negative. Negative and positive controls of each PM plate were not included in the total number of reactions.

DNA extraction, genome sequencing and assembling {#sec007}
------------------------------------------------

Bacteria were grown overnight at 37°C on blood agar (Tryptose Blood Agar Base, Becton-Dickinson, Sparks, MD, USA, enriched with 5% washed sheep red blood cells). Bacterial DNA was extracted using MagNa Pure Compact Nucleic Acid Isolation Kit I and libraries were prepared with GS FLX Titanium Rapid Library Preparation Kit (Roche Applied science, Mannheim, Germany). Genomes were sequenced using Roche 454 GS FLEX Titanium technology (Dynlabs, Zerifin, Israel). Sequences were assembled *de novo* using Newbler 2.6. The presence of plasmids was assessed by plasmid DNA extraction with QIAprep Miniprep (QIAGEN) for small plasmids, and a heat lysis method previously described \[[@pone.0136387.ref033]\] to include large plasmids. Briefly, overnight cultures of *E*. *coli* were pelleted and lysed in 3% SDS and 50 mM Tris (pH 12.6) at 55°C for one hour, followed by phenol-chloroform DNA extraction. Plasmids were visualized with gel electrophoresis.

Genome annotation and analysis {#sec008}
------------------------------

*De novo* assembled contigs were reordered using MAUVE \[[@pone.0136387.ref034]\]. The genome of *E*. *coli* strain K-12 MG1655 (NC_000913) was used as a reference for strains P4, VL2732 and VL2874 due to their phylogenetic proximity (phylogenetic group A, ST10). For strain K71, phylogenetic group B1 strain IAI1 (NC_011741) was chosen as a reference instead. Reordered contigs were concatenated and genomes were aligned using ACT \[[@pone.0136387.ref035]\] and inspected in ARTEMIS \[[@pone.0136387.ref036]\]. Annotation and functional comparisons were performed using the RAST server \[[@pone.0136387.ref037]\]. Plasmid sequences were identified based on a combination of annotation features, megablast \[[@pone.0136387.ref038]\] and using PlasmidFinder \[[@pone.0136387.ref039]\], and corroborated by plasmid DNA visualization as described above.

Single nucleotide polymorphism based phylogenetic analysis {#sec009}
----------------------------------------------------------

Single nucleotide polymorphisms (SNP) on whole genome sequences were identified using the snpTree 1.1 server \[[@pone.0136387.ref040]\] with the genome of strain K-12 MG1655 as reference. Concatenated SNPs were aligned online and used to generate a phylogenetic tree with FastTree 2.1.5 using the Generalized Time-Reversible model \[[@pone.0136387.ref041]\]. Genomes for comparison were selected as to represent different *E*. *coli* pathotypes and genealogies. These are listed in detail in the [S3 Dataset](#pone.0136387.s003){ref-type="supplementary-material"}.

Genome-to-Genome Distance (GGD) {#sec010}
-------------------------------

Genome-to-genome distances were calculated by the Genome Blast Distance Phylogeny approach \[[@pone.0136387.ref042]\] using the Genome-to-Genome Distance Calculator 2.0 online (<http://ggdc.dsmz.de/>) set to BLAST+. Distance values obtained from formula 2 were used to build a heatmap of distances between each of the four studied genomes and selected published *E*. *coli* genomes representing several *E*. *coli* pathotypes presented in detail in the [S3 Dataset](#pone.0136387.s003){ref-type="supplementary-material"}. The genome of *E*. *fergusonii* ATCC 35469 (NC_011740, NC_011743) was used as out group in GGD analysis.

Proteome comparison {#sec011}
-------------------

Genomes were compared at the proteome level using CMG-Biotools \[[@pone.0136387.ref043]\] using a subset of the genomes listed in the [S3 Dataset](#pone.0136387.s003){ref-type="supplementary-material"}. For consistency across annotation, proteome files in FASTA format were downloaded from the PATRIC database \[[@pone.0136387.ref044]\], where all genomes are annotated using RAST. Proteomes were compared pairwise by all-against-all BLAST \[[@pone.0136387.ref045]\], and genes were clustered into families. A modified threshold of 80% sequence homology over 80% of sequence alignment length was used to define two proteins as belonging to the same gene family. A dendrogram representing the relative Manhattan distance between proteomes on basis of gene presence/absence was generated from the calculated pan-genome for the studied set of proteomes considering all genes, including singletons, i.e. genes present in a single genome (\"flat\" method in CMG-Biotools). A similarity matrix was built using the proportion of shared gene families between every two genomes, with homologous hits within the same proteome depicted at the bottom row of the matrix. The following subsets of genes were selected for further analysis: a. the intersection of MPEC proteomes complementary to (not found in) strain K71, b. genes specific for each MPEC proteome, and c. the intersection of MPEC proteomes complementary to all other genomes used in the comparison. These proteins were identified using the RAST annotation of each genome. In addition, BLAST2GO \[[@pone.0136387.ref046]\] was used in an attempt to improve annotation of these proteins.

Results and Discussion {#sec012}
======================

Intra-mammary pathogenicity {#sec013}
---------------------------

Pathogenicity in the mammary gland was studied in a murine model of intra-mammary infection. The murine model of intra-mammary infection has been widely used for the research of pathogenesis, immune response, treatment and prevention of mastitis, but only in a few instances it was used for comparison between the pathogenicity of different strains of the same pathogen species \[[@pone.0136387.ref047]\]. As expected, all three strains isolated from mastitis elicited clear intra-mammary inflammation in mice. Moreover, different patterns of inflammation were observed with the distinct MPEC strains on gross and histopathological examination of challenged mammary glands, and an analogy could be made between these patterns and the disease presentation observed in the mammary glands of cows originally infected by the strains studied here. For instance, strain VL2874 caused fast degeneration of mice glands within 1 DPC with extensive tissue destruction, whereas strain VL2732 caused a prolonged inflammation up to 5 DPC with a granuloma-like reaction, indicative of a chronic reaction. Comparably, the cow affected by VL2874 showed per-acute mastitis, no recovery of the affected gland to lactation, and extensive regions of gland tissue degeneration were observed histologically after culling. In contrast, VL2732 caused persistent, chronic infection in the cow mammary gland from which it was originally isolated. Compared to the two previous strains, strain P4 caused a milder inflammation in murine mammary glands. Results are summarized in [Table 2](#pone.0136387.t002){ref-type="table"} and representative histopathological images are presented in [Fig 1](#pone.0136387.g001){ref-type="fig"}. In accord to previous work \[[@pone.0136387.ref048]\], the murine model was shown to be applicable for the purpose of MPEC inter-strain comparisons. Finally, no signs of mastitis whatsoever were observed in mice challenged with strain K71, confirming that strain K71 was suitable for comparison to MPEC for the identification of potential mastitis pathogenicity-related traits.

![Histological examination of mice mammary glands.\
A, non-pyrogenic phosphate-buffered saline (negative control), 1 DPC, no histological changes (x10); B, strain K71, 1 DPC, focal light inter-alveolar infiltrate with no signs of inflammation of the gland (x4); C, strain P4, 1 DPC, focal intra-alveolar PMN infiltration (x4); D, strain P4, 2 DPC, recovery of the gland and no inflammatory infiltrate or significant damage (x10); E, strain VL2874, 1 DPC, extensive intra-alveolar and ductal PMN infiltration (x4); F, strain VL2874, 2 DPC, partially destructed non-lactating alveoli, protein deposit and necrosis (x10); G, strain VL2732, 1 DPC, diffuse inter and intra-alveolar PMN infiltration (x10); H, strain VL2732, 2 DPC, inter-alveolar inflammatory infiltrate, necrosis, hyperemia and loss of alveoli architecture (x10); I, strain VL2732, 5 DPC, degenerative PMN, diffuse necrosis, hemorrhage, protein deposit and extensive loss of alveoli architecture (x10); J-K, strain K-12 MG1655, 1 DPC, diffuse intra-alveolar PMN infiltration without alterations to the gland structure and numerous lactating alveoli (x4-x20); L, representative picture of intra-alveolar PMN infiltration (x20). Eosine-hematoxylin stain.](pone.0136387.g001){#pone.0136387.g001}

10.1371/journal.pone.0136387.t002

###### Gross and histopathological examinations of mammary glands injected by three mammary pathogenic and one non-pathogenic, environmental strain.

![](pone.0136387.t002){#pone.0136387.t002g}

  Strain   DPC                Gross pathology changes                                             Histopathological changes                                                                                                           
  -------- ------------------ ------------------------------------------------------------------- ----------------------------- ------------------------------------------------------- --------------------------------------------- --------------------
  VL2874   1                  complete atrophy                                                    complete atrophy, hyperemia   intra-alveolar, extensive                               none                                          reactive
  2        complete atrophy   complete atrophy, hyperemia                                         none                          non-lactating alveoli, partial destruction of alveoli   reactive                                      
  VL2732   1                  none                                                                none                          diffuse, inter and intra-alveolar                       none                                          partially reactive
  2        massive swelling   strong hyperemia, crepitation, swelling, hardness, granuloma-like   inter-alveolar                necrosis, hyperemia, loss of alveoli architecture       reactive                                      
  5        massive swelling   swelling, hardness                                                  degenerate                    diffuse necrosis, loss of alveoli architecture          reactive, PMN infiltrate, capsular necrosis   
  P4       1                  none                                                                light hyperemia               intra-alveolar, focal                                   none                                          reactive
  2        partial atrophy    light hyperemia, partial atrophy                                    none                          none                                                    reactive                                      
  K71      1                  none                                                                light focal hyperemia         inter-alveolar, few                                     none                                          None
  2        partial atrophy    partial atrophy                                                     inter-alveolar, few           none                                                    None                                          

PMN, polymorphnuclear cells.

Phenome analysis {#sec014}
----------------

The metabolic utilization of a total of 758 nutrient sources was assessed. Reactions were categorized into positive, weak or negative based on AUC values. All four strains were negative to a total of 243 reactions, weak to 31 reactions and positive to 127 reactions. A heatmap of AUC values for all reactions is presented in [Fig 2](#pone.0136387.g002){ref-type="fig"}, showing that strains P4 and VL2874 were similar, and strain VL2732 was the most divergent one. The number and percentage of positive reactions by nutrient type are presented in [Table 3](#pone.0136387.t003){ref-type="table"}. Strain VL2732 was the most versatile in terms of the number of nutrients metabolized. Accordingly, the number of unique positive reactions in each strain, i.e. positive reactions in a single strain that were negative or weak in the other ones, was higher for strain VL2732 (n = 123, representing 36% of the positive reactions in this strain), in contrast to K71 (n = 7, 4% of positive reactions in this strain), VL2874 (n = 3, 2% of positive reactions in this strain) and P4 (n = 5, 3% of positive reactions in this strain). Notably, strain VL2732 showed the highest versatility in the ability to use peptides as a source of nitrogen, to metabolize organic sulfur compounds and in the responsiveness to nutritional supplements (measured as improved growth over non-supplemented medium). Whether these characteristics provide this strain with an advantage to explore the intra-cellular niche, thus allowing it to install a persistent infection in the mammary gland, could be a subject of further investigation.

![Heatmap of the area under the curve of phenotype microarray.\
Heatmap of the area under the curve (AUC) parameter extracted from kinetic data over 24 h in phenotype microarray with validation by 100 bootstrap repetitions. Numerals after the strain name indicate technical replicates of the same strain. The heatmap color indicates the AUC; yellow for higher values and blue for lower.](pone.0136387.g002){#pone.0136387.g002}

10.1371/journal.pone.0136387.t003

###### Positive reactions for utilization of nutrient sources by category.

In brackets, the percentage of positive reactions in a particular nutrient category is shown.

![](pone.0136387.t003){#pone.0136387.t003g}

  Nutrient type (no. of reactions)   VL2874 (%)   VL2732 (%)   P4 (%)     K71 (%)
  ---------------------------------- ------------ ------------ ---------- ----------
  carbon (190)                       41 (22)      46 (24)      41 (22)    48 (25)
  nitrogen (95)                      18 (19)      21 (22)      16 (17)    14 (15)
  nitrogen peptides (285)            79 (28)      127 (45)     75 (26)    82 (29)
  phosphorous (59)                   26 (44)      44 (75)      24 (41)    35 (59)
  sulfur (35)                        5 (14)       19 (54)      5 (14)     8 (23)
  nutrient stimulation (94)          1 (1)        81 (86)      3 (3)      4 (4)
  Total (758)                        170 (22)     338 (45)     164 (22)   191 (25)

Ten reactions were found for which the three MPEC strains were positive whereas the non-mammary pathogenic strain K71 was either negative or weak. These were six peptide and two amino acid nitrogen sources, one organic phosphorous source and one amino acid carbon source. One of the two amino acids metabolized only by MPEC was D-serine, either as carbon or nitrogen source. D-serine may be bacteriostatic for *E*. *coli*, and the inability to metabolize D-serine affects growth and virulence, as shown in UPEC and NMEC \[[@pone.0136387.ref049]\]. Whether similar effects would influence the pathogenicity of MPEC in the mammary gland or not should be further studied. The non-mammary pathogenic strain K71 was able to metabolize sucrose, whereas none of the three MPEC strains were able to do so. Interestingly, although *E*. *coli* strains infecting the mammary gland are regarded to be essentially of fecal origin, the differences in these two phenotypes (D-serine and sucrose) are in accord to studies showing that the ability to metabolize D-serine is actually associated with extra-intestinal *E*. *coli*, whereas the ability to metabolize sucrose instead is associated with intestinal strains \[[@pone.0136387.ref049],[@pone.0136387.ref050]\]. The inability of strain K71 to metabolize D-serine can be attributed to the absence of the *dsdC* gene for D-serine dehydratase (*dsdA*) transcriptional activator, and the insertion of the sucrose-6-phosphate hydrolase (EC 3.2.1.26) and the sucrose specific transcriptional regulator CscR upstream to the D-serine *dsd* operon, as found by genomic analysis. A similar impairment of the D-serine operon by insertion of a sucrose operon was described in various intestinal *E*. *coli* strains \[[@pone.0136387.ref049]\].

In addition, the three mastitis pathogenic strains were able to metabolize uric acid as a nitrogen source. Although the reaction was weak, it was completely negative in strain K71. Uric acid was found to have a role in the oxidative antimicrobial defenses of milk in the mammary alveoli during mastitis \[[@pone.0136387.ref051]\]. Thus, it is possible that the ability to metabolize uric acid is an advantageous phenotype of MPEC during intra-mammary infection. A full list of results of the PM assay is provided in [S1 Dataset](#pone.0136387.s001){ref-type="supplementary-material"} (raw data available upon request).

One of the characteristics previously described differentiating MPEC and environmental *E*. *coli* strains was growth rate in milk, which was correlated to assimilation of lactose \[[@pone.0136387.ref021]\]. In that study, strain K71 showed low levels of lactose fermentation. However, no differences in lactose metabolism were found between MPEC and strain K71 in the phenotype microarray here. It should be noted, however, that the method used previously and the phenotype microarray used here measure lactose metabolism in different ways (previously, lactose assimilation was measured by means of acidification of the medium, here by bacterial respiratory activity). Furthermore, no differences were found in the lactose operon sequences between MPEC and K71, thus suggesting that other metabolic pathways may be involved in the phenotypic differences reported for growth in milk.

Genome analysis {#sec015}
---------------

Average sequencing reads counts ranged from 280,000 to 336,000 reads. Reads length ranged from 291 to 230 bases. *De novo* assembling metrics and basic annotation results are described in [S1 Table](#pone.0136387.s006){ref-type="supplementary-material"} and [S2 Table](#pone.0136387.s007){ref-type="supplementary-material"}, respectively. All the four genomes were of comparable size, gene contents and gene density. Strain K71 showed the largest genome and gene number.

Overall, the four genomes showed a similar distribution of features into subsystem categories using the RAST subsystems annotation ([Fig 3](#pone.0136387.g003){ref-type="fig"}). Differences were found notably in mobile elements (phages, plasmids), metabolism of aromatic compounds, membrane transport and lipid metabolism categories. Many elements belonging to metabolism of aromatic compounds were lacking in strain VL2732. Differences in the membrane transport subsystem were attributed to features belonging to type IV secretion system found in strains K71 and P4, and to type VI secretion system found in strains K71 and VL2874. Differences in the lipid metabolism subsystem were attributed to a phospholipid and fatty acid biosynthesis related cluster that is present only in strain P4.

![Distribution of functional annotation into RAST subsystems.](pone.0136387.g003){#pone.0136387.g003}

Differential comparison revealed 165 functional features in common in the three MPEC strains that were absent in strain K71. Among these, notable functions were: a. carbohydrate utilization (galactosamine utilization, sugar kinase cluster Ygc and carbohydrate utilization cluster Ydj), b. membrane antigen (biosynthesis of lipopolysaccharide, enterobacterial common antigen and outer membrane lipoprotein), c. membrane transport (beta-fimbriae, protein secretion system type VII) and d. iron uptake (iron(III)-dicitrate system). From the above, lipopolysaccharide (LPS) is considered a major virulence factor in *E*. *coli* mastitis \[[@pone.0136387.ref006]\]. Intra-mammary injection of purified LPS alone is able to trigger a local inflammatory reaction in the mammary gland that resembles, although is not identical to actual *E*. *coli* infection \[[@pone.0136387.ref052]\]. LPS biosynthesis, specifically of the core oligosaccharide region, seem to be impaired in strain K71 due to the lack of functional enzymes LPS 1,2-N-acetylglucosaminetransferase (EC 2.4.1.56), LPS 1,6-galactosyltransferase (EC 2.4.1.-) and the LPS core biosynthesis proteins RfaS and RfaZ. It is possible therefore that impaired LPS biosynthesis together with altered biosynthesis of additional membrane antigens, such as the enterobacterial common antigen (ECA) and the outer membrane (OM) lipoprotein, would affect immunogenicity and attenuate or prevent an inflammatory response against this strain. Another important feature lacking in strain K71 is the iron(III)-dicitrate system for iron uptake. In fact, this system for iron acquisition was previously found to be relatively prevalent in *E*. *coli* bacteria isolated from bovine mastitis \[[@pone.0136387.ref053]\]. The system is induced by ferric dicitrate, which is actually the main iron-chelating mechanism found in milk during lactation. The lack of this effective iron acquisition system in milk, in spite of the presence of other, perhaps less relevant systems, could limit bacterial growth of strain K71inside a lactating mammary gland, consequently limiting its ability to establish an intra-mammary infection. The specific features found in common in MPEC and lacking in strain K71 and the expected effects on virulence are summarized in [Table 4](#pone.0136387.t004){ref-type="table"}. The full functional RAST annotation of MPEC genomes for comparison is provided in [S2 Dataset](#pone.0136387.s002){ref-type="supplementary-material"}.

10.1371/journal.pone.0136387.t004

###### Main functional features present in the three MPEC strains and lacking in the non-mammary pathogenic strain K71 and their expected effects on virulence.

![](pone.0136387.t004){#pone.0136387.t004g}

  system                                 function                                                                       expected effect on
  -------------------------------------- ------------------------------------------------------------------------------ --------------------------------------------------
  carbohydrate utilization               galactosamine utilization (PTS system, galactosamine-specific IIB component)   growth
  sugar kinase cluster Ygc               growth                                                                         
  carbohydrate utilization cluster Ydj   growth                                                                         
  membrane antigen                       LPS                                                                            immunogenicity, resistance (cell wall stability)
  ECA (lipid III flippase WzxE)          immunogenicity, resistance (cell wall stability)                               
  OM lipoprotein SmpA                    immunogenicity, resistance (cell wall stability)                               
  membrane transport                     beta-fimbriae                                                                  adhesion
  iron uptake                            iron(III)-dicitrate system                                                     growth
  amino acids                            D-serine dehydratase transcriptional activator                                 resistance

Strain specific features were found in each of the three MPEC strains studied (50, 91, 130 functions in strain VL2874, VL2732 and P4, respectively). Strain P4 specific features were mainly associated with prophages and with phospholipid and fatty acid biosynthesis. As previously reported \[[@pone.0136387.ref027]\], strain P4 also harbors a conjugative plasmid type IncF IC(FII), here named pP4, comprising contigs 25, 40, 42 and 59 of the current assembly. The presence of this plasmid in the genome of strain P4 was confirmed here by gel electrophoresis (data not shown). *In silico* analysis showed that the pP4 plasmid is estimated to be about 112 Kb long, to have a 47.7 GC percentage and to include 118 CDS. Plasmid pP4 is nearly identical to the plasmid F of strain K-12 (AP001918). Although virulence factors were not detected on the pP4 plasmid, an interesting observation was the presence of a region of 14,639 bp beyond the K-12 plasmid F backbone. BLAST search of this region revealed that it is 99% identical to plasmid p1303_109 (CP009167), found in the mammary pathogenic *E*. *coli* strain 1303 that was also isolated from acute bovine mastitis \[[@pone.0136387.ref054]\] ([Fig 4](#pone.0136387.g004){ref-type="fig"}). This region has 45.7 GC percent and includes 16 CDS (11 mobile element proteins, 3 hypothetical proteins and co-activators of prophage gene expression IbrA and IbrB).

![Plasmid pP4 of strain P4.\
Alignment of predicted sequence of conjugative plasmid pP4 of strain P4 aligned to plasmid F of strain K-12 and to plasmid p1303_109 of mastitis strain 1303.](pone.0136387.g004){#pone.0136387.g004}

In strains VL2874 and VL2732, specific features were found that could be related with increased virulence or potential for persistence in the mammary gland.

A notable feature found in strain VL2874 was a RTX toxin cluster, including the hemolysin genes *hlyA*, *hylC* and *hylD*. Indeed, strain VL2874 is the only hemolytic strain on sheep-blood agar out of the four strains studied here. HlyA was shown to enhance the pathogenicity of extra-intestinal *E*. *coli* (ExPEC). A similar RTX toxin, TosA, was implicated in uropathogenic *E*. *coli* (UPEC) pathogenicity \[[@pone.0136387.ref055]\]. It is possible therefore that the RTX cluster found in the highly virulent strain VL2874 is associated with cytotoxic properties in the mammary gland, which would lead to tissue injure and consequently to per-acute mastitis, as observed in cows infected by this strain. The RTX cluster in strain VL2874 was found in a region of plasmid origin, along with F4-like fimbriae, which could be involved in adherence to mammary epithelial cells. *In silico* analysis indicated that this is a large, about 98 Kp long, type FII plasmid; although the whole sequence of this plasmid is yet to be finished. A megablast search for similar plasmids in the complete *E*. *coli* plasmids database in NCBI revealed the following plasmids covering about 43% of the large plasmid in strain VL2874, pVir68 (NC_012944, bovine septicemia), p1303_109 (NZ_CP009167, mastitis), pECC-1470_100 (NZ_CP010345, mastitis) and 39%, K-12 plasmid F (NC_002483). A second plasmid identified in the genome of strain VL2874 (contig 84) is a small plasmid type Col(RNAI) that is highly similar to the ColE-1-like plasmid p302S (AY333433) found in *Salmonella enterica* subsp. *enterica* \[[@pone.0136387.ref056]\] and that confers resistance to kanamycin. Although the small plasmid of stain VL2874 is larger than p302S, it lacks the aminoglycoside 3\'-phosphotransferase type 1 gene. Similar small plasmids are also found in various *E*. *coli* strains, but with lower identity to the small plasmid of strain VL2874. Both plasmids of strain VL2874 were confirmed by gel electrophoresis (data not shown).

The specific features found in strain VL2732 compared to the other MPEC studied here included the toxin mRNA interferase YgiU, or MqsR (motility quorum sensing regulator), which regulates biofilm formation and shift into persistent (dormant) cells under stress \[[@pone.0136387.ref057]\], and the yersiniabactin iron acquisition system, which is also associated with biofilm formation in iron limited environments, such as milk \[[@pone.0136387.ref058]\], and which may support intracellular survival through copper binding \[[@pone.0136387.ref059]\]. The presence of yersiniabactin was previously reported in another *E*. *coli* strain isolated from persistent mastitis \[[@pone.0136387.ref020]\], reinforcing a possible role of this system in the pathogenesis of persistent *E*. *coli* mastitis. Yersiniabactin was shown to be a critical iron acquisition system in another extra-intestinal *E*. *coli* pathotype, APEC. In fact, yersiniabactin and other iron acquisition systems, namely aerobactin, enterobactin and iron(III)-dicitrate, are not functionally redundant, as the deletion of yersiniabactin impairs growth in iron-limited medium even in the presence of the other systems \[[@pone.0136387.ref060]\]. It is possible therefore that yersiniabactin may have a role in promoting prolonged survival of persistent strains in the mammary gland, even though aerobactin, enterobactin and iron(III)-dicitrate were all found in the three MPEC strains studied here. The yersiniabactin cluster was found in strain VL2732 in a pathogenicity island (PAI) between tRNA-Asn-GTT (contig 1, 336,922:336,994), flanked by mobile elements, and tRNA-Asn-GTT (376,893:376,821) ([Fig 5](#pone.0136387.g005){ref-type="fig"}). This PAI also comprises the invasin Inv cluster, resembling the *Yersinia* high pathogenicity island (HPI) \[[@pone.0136387.ref061]\]. Strain VL2732 also bears the manganese ABC transporter SitABCD, which besides being a further iron acquisition system, also protects bacteria from oxidative stress \[[@pone.0136387.ref062]\], and could thus support intra-cellular survival. Overall, the VL2732 specific characteristics may promote the ability of this strain to cause persistent infections in the mammary gland \[[@pone.0136387.ref010],[@pone.0136387.ref063]\]. Contrary to the other two MPEC strains above, no plasmids were detected in the genome of strain VL2732, either *in silico* or by gel electrophoresis (data not shown).

![VL2732 Pathogenicity Island containing the yersiniabactin and invasin Inv clusters, resembling the Yersinia high pathogenicity island.\
The figure shows the alignment of the PAI region in the genome of strain VL2732 and the genomes of MPEC strains VL2874 and P4, showing the insertion site of the yersiniabactin elements.](pone.0136387.g005){#pone.0136387.g005}

Interestingly, strain K71, albeit non-pathogenic in the mammary gland, is not completely devoid of factors that could be associated with virulence in other sites. For instance, features found in strain K71 that could be related to virulence were type VI secretion system, alpha-fimbriae, iron uptake systems (aerobactin, enterobactin, efeUOB) and curli adhesins. It is possible therefore that these factors are not sufficient for pathogenicity in the mammary gland, although they may possibly have an additive effect to pathogenicity when combined with the other factors found in MPEC.

Phylogenetic analysis {#sec016}
---------------------

Phylogenetic analysis was performed based on whole genome SNPs using the genome of strain K-12 MG1655 as a reference. All strains clustered according to their phylogenetic groups, as indicated in [Fig 6](#pone.0136387.g006){ref-type="fig"}. The MPEC strains studied here were therefore closely related to phylogenetic group A strains, while the environmental, non-mammary pathogenic strain K71 was closely related to phylogenetic group B1 strains, corroborating the phylogenetic assignment of these strains performed previously \[[@pone.0136387.ref018]\].

![Whole genome SNP based phylogenetic analysis.\
Phylogenetic analysis of SNP extracted from whole genome alignment of the three MPEC strains (VL2874, VL2732 and P4), the environmental, non-mammary pathogenic strain K71 and representative strains of diverse *E*. *coli* pathotypes and non-pathogenic strains. Overall, the strains clustered according to their phylogenetic groups, indicated here by different colors. Confidence values are shown over each node.](pone.0136387.g006){#pone.0136387.g006}

Genome-to-Genome Distance (GGD) {#sec017}
-------------------------------

GGD was used to assess the overall similarity of genomes at the nucleotide sequences level. A heatmap of results is presented in [Fig 7](#pone.0136387.g007){ref-type="fig"}. Mastitis strains were most similar to each other compared to the other tested genomes. GGD between the three mastitis strains was 0.003, in contrast to 0.016 between mastitis strains and the non-MPEC strain K71. These values correspond to an estimated DDH value of 98% between mastitis strains, and 86% between mastitis strains and strain K71. Mastitis strains were also highly similar to the two strain K-12 variants genomes used in the comparison (MG1655 and W3110, GGD 0.003--4). The next highest similar genomes to the mastitis strains were EIEC (53638) and ETEC (UMNK88) (GGD 0.009--10) and in accord to the SNP based phylogeny. All other genomes in the set differed from the mastitis strains at the same level as strain K71 or more. Mastitis is an extra-intestinal infection, and thus it could be expected that mastitis strains would be similar to other extra-intestinal pathogenic *E*. *coli* (ExPEC). However, the most distant genomes in GGD were actually those of strains representing ExPEC, namely APEC, UPEC and NMEC, with estimated DDH values as low as 73%, which is close to the accepted cut-off for taxonomic differentiation at species level using classical DDH (70%). Overall, a similar range of DDH between *E*. *coli* genomes was previously reported \[[@pone.0136387.ref064]\]. Full detailed results including DNA-DNA hybridization (DDH) estimated values are provided in [S3 Dataset](#pone.0136387.s003){ref-type="supplementary-material"}.

![Genome-to-genome distance matrix.\
GGD was calculated between the four studied strains and various *E*. *coli* genomes from diverse pathotypes and non-pathogenic strains. The three mastitis pathogenic genomes were mostly similar, whereas notable genomic distances were found to other pathotypes and to the environmental, non-mammary pathogenic strain K71.](pone.0136387.g007){#pone.0136387.g007}

Proteome comparison {#sec018}
-------------------

Proteomes were predicted for representative genomes and compared pairwise for gene clustering into families. The Manhattan distance between the predicted proteomes based on gene family presence/absence is shown as a dendrogram in [Fig 8](#pone.0136387.g008){ref-type="fig"}. Overall, ExPEC, mainly UPEC genomes, clustered separately from most of the intestinal pathotypes. MPEC strains were included in the general intestinal *E*. *coli* cluster, and were separated from the non-mammary pathogenic strain K71. Similarity of mastitis strains and other *E*. *coli* proteomes ranged from 56% to 79%. A full similarity matrix of pairwise comparisons between proteomes is provided in [S1 Fig](#pone.0136387.s005){ref-type="supplementary-material"}. The similarity between MPEC strains and the non-mammary pathogenic strain K71 was 71.7%, 69.7% and 72.6% for strain VL2874, VL2732 and P4, respectively. In contrast, the similarity among mastitis strains was 80.5% between VL2874 and VL2732, 80.5% between VL2732 and P4, and 79.7% between VL2874 and P4.

![Relative Manhattan distance of predicted proteomes.\
Predicted proteomes of three mammary pathogenic *E*. *coli* and representatives of diverse *E*. *coli* pathotypes and non-pathogenic strains. Dendrogram generated on the basis of gene presence/absence considering all genes, including singletons, and validated after 100 bootstraps repetitions (depicted in red). Genes were clustered by 80% sequence identity over 80% sequence length. The three mammary pathogenic strains are closely related, and significantly distant from the environmental, non-mammary pathogenic strain K71.](pone.0136387.g008){#pone.0136387.g008}

Subsets of gene families were extracted for sequence-based comparison of predicted proteins between the three MPEC strains and strain K71. This analysis aimed to include predicted proteins not assigned a function during RAST annotation and thereby not included in the functional comparison above. The intersection of the three MPEC strains and excluding K71 sequences included 205 gene families. In addition, 271 (274 genes), 220 (221 genes) and 248 (251 genes) MPEC strain specific gene families were found in strains P4, VL2732 and VL2874, respectively. Annotation analysis of these gene families did not reveal the presence of genes not described above in the functional analysis. Most of sequences without a known annotation represented hypothetical proteins predicted by RAST. In addition, very few novel genes were found in the three MPEC strains. The intersection of the three MPEC strains and excluding all the other proteomes in the set comprised only eight gene families, five of which were hypothetical proteins. The three remaining families were not homologous to any predicted virulence factor. Whether any of these gene families have a role in the pathogenesis of MPEC is still to be studied. The gene families' subsets are described in detail in [S4 Dataset](#pone.0136387.s004){ref-type="supplementary-material"}.

From the GGD and proteome analysis described above it is noteworthy that MPEC strains are closely related to strain K-12. The GGD results could be explained by the fact that the MPEC strains studied here share with K-12 the same genotypic background in terms of phylogenetic group (group A) and sequence type in MLST (ST10). The similarity between MPEC and K-12 was recently described also for other *E*. *coli* strains isolated from mastitis, based on phylogenetic analysis of conserved (core) genomic regions \[[@pone.0136387.ref065]\]. However, the proteome comparison presented here was based on presence/absence of genes considering all the genes found in the genomes, including non-conserved (accessory) regions, and is not necessarily in accord to phylogeny. The proteome comparison actually shows that the gene contents of the MPEC studied here are relatively close to that of K-12, suggesting two possible explanations. First, that only few genes in MPEC over the \"basic\" genes repertoire present in strain K-12 are necessary for pathogenicity in the mammary gland. Second, that the genome of K-12 may actually include genes promoting pathogenicity in the mammary gland. Due to the similarity between K-12 and MPEC, and since K-12 is widely considered a non-pathogenic strain, it was interesting to examine if K-12 could be pathogenic in the mammary gland. For this purpose, the growth in milk phenotype of K-12 was tested at first. As shown in [Fig 9](#pone.0136387.g009){ref-type="fig"}, K-12 is able to grow in milk in a rate similar to MPEC, and significantly different from K71, which consistently shows a slow growth rate in milk \[[@pone.0136387.ref021]\]. Growth in milk is a phenotype highly conserved in MPEC. As previously shown by Blum et al. \[[@pone.0136387.ref021]\], and later confirmed with a larger collection of MPEC and environmental strains from different farms (unpublished data), all MPEC strains are able to grow in milk at particularly high rates, whereas several *E*. *coli* strains present in the environment have slow growth rates in milk (like strain K71). Differences in growth rate were observed specifically in milk as all strains showed similar growth rates when bacteria were inoculated in regular nutrient broth (data not shown). Even though growth in milk is a phenotype of pivotal importance in *E*. *coli* pathogenicity in the mammary gland \[[@pone.0136387.ref006]\], this assay by itself does not confirm actual virulence potential in the gland. Thus, K-12 was also tested with the murine IMI model described above. In mice mammary glands, K-12 elicited a clear inflammatory response after 1 DPC, characterized by diffuse intra-alveolar neutrophil infiltration, but no observable inter-alveolar reaction or extensive damage to the gland tissue ([Fig 1](#pone.0136387.g001){ref-type="fig"}), and in fact a considerable number of milking alveoli was observed after challenge. No inflammation or tissue alterations were observed at 2 DPC, and milk producing alveoli remained conserved. K-12 bacteria were isolated from challenged mammary glands at 1 DPC. The inflammation elicited by K-12 was therefore somewhat milder than that of the MPEC strains studied here and that were actually isolated from mastitis. However, the potential of K-12 to cause mastitis cannot be discarded at this time. Hence it is possible that K-12 harbors genes that allow for pathogenicity in the mammary gland, partially explaining the close relatedness of MPEC and K-12 in the predicted proteome analysis.

![Growth rate in milk of MPEC (VL2874, VL2732 and P4), K-12 MG1655 and the environmental, non-mammary pathogenic strain K71.\
Error bars show SD of triplicate experiments. Statistically significant differences at the same time point are indicated by letters.](pone.0136387.g009){#pone.0136387.g009}

The above observations on the pathogenicity of strain K-12 in the mammary gland were unexpected, given that this strain is largely regarded non-pathogenic, being often used as a negative control in pathogenicity assays, and its genome being used as a non-pathogenic reference for comparison in pathogenomic studies. However, the genome of strain K-12 encodes for various putative virulence factors. In fact, this strain was shown to be able to revert to a pathogenic phenotype under specific alterations in its transcriptional regulatory pathways \[[@pone.0136387.ref066]\] or upon restoration of O antigen biosynthesis \[[@pone.0136387.ref067]\]. The genome of strain K-12 includes some of the features listed above in common with the three MPEC genomes studied here and that are lacking in the non-mammary pathogenic strain K71. For instance, the galactosamine-specific IIB component, the sugar kinase cluster Ygc and the carbohydrate utilization cluster Ydj, the LPS enzymes 1,2-N-acetylglucosaminetransferase and LPS 1,6-galactosyltransferase and the LPS core biosynthesis protein RfaZ, the beta-fimbriae and the iron(III)-dicitrate system. In addition, similarly to the MPEC strains, strain K-12 has an intact D-serine cluster, it is able to metabolize D-serine and not sucrose, although it cannot metabolize uric acid \[[@pone.0136387.ref068]\]. The features described before found in each MPEC strain separately are not present in strain K-12. These features may therefore promote the increased pathogenicity observed with each MPEC strain studied.

Summary {#sec019}
-------

The comparison of mastitis strains representing different presentations of the disease with an experimentally-confirmed non-mammary pathogenic strain allowed the identification of common genes in MPEC that could be associated with pathogenicity in the mammary gland. It was also possible to identify MPEC strain-specific genes that may be associated with the different pathogenicity characteristics of each strain, and the different presentations of mastitis caused by each one. In addition, comparison of MPEC to a set of genomes representing other *E*. *coli* pathotypes showed high similarity between MPEC and divergence from other pathotypes at the whole genome and predicted proteome levels. The results presented here, notably the ability of strain K-12 to cause mild inflammation in the mammary gland and the very few novel genes found in MPEC genomes, suggest that minimal mammary pathogenicity may be associated with general metabolic, physiological, immunogenic or resistance features in *E*. *coli*, and not necessarily dependent on novel and unknown virulence factors specifically targeted at the mammary gland tissue. However, further MPEC genomes will need to be sequenced in order to identify the minimal genomic predictors characterizing the MPEC pathotype. This information would be valuable for the development of diagnostic tools aiming at MPEC specific identification and also the prediction of an MPEC isolate pathogenic potential, such as the likelihood of causing more acute or persistent mastitis. This would in turn allow for improved decision making in the management of an episode of *E*. *coli* mastitis, as in to treat, dry-off or cull affected animals, depending on the expected severity or persistency of disease. A comparative study of a larger number of MPEC genomes is currently underway.

Naturally, much attention is not given to non-mammary pathogenic strains from the dairy environment, and very few reports of such strains exist other than the present work \[[@pone.0136387.ref069]\]. Additional strains experimentally proven to be non-mammary pathogenic should be used in future comparative studies aiming at the identification of genes subject to positive selection in MPEC. Finally, functional studies either using specific genes\' knockouts or gene expression experiments *in vivo* are needed to corroborate the role of the set of genes identified in MPEC here in the pathogenicity of mastitis.
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